Conserved gene sequences, including 16s rRNA and ribosomal protein gene sequences, were used to evaluate genetic variations in phytoplasma strains belonging to 16s rRNA groups I (aster yellows and related phytoplasmas) and I11 (X-disease and related phytoplasmas). We used PCR to amplifjr the sequences of the 16s ribosomal DNA and a segment of the ribosomal protein gene operon (encoding the 3' region of rpsl9, all of rp122, and rps3) from diverse phytoplasma group I and I11 strains. Additional chromosomal gene sequences of group I strains were also amplified. The PCR products amplified from members of each group of phytoplasmas were compared by performing restriction fragment length polymorphism (RFLP) analyses. On the basis of the RFLP patterns observed and similarity coefficients derived from combined RFLP analyses, the phytoplasma strains belonging to groups I and I11 were placed in distinct 16s rRNA, ribosomal protein, and 16s rRNA-ribosomal protein subgroups. Analyses of two or more conserved gene sequences revealed that members of the two groups were more diverse than previously thought. Subgroup differentiation on the basis of our combined analyses of 16s rRNA and ribosomal protein gene sequences seemed to adequately reflect the levels of chromosomal homology determined by DNA-DNA hybridization assays. On the basis of unique RFLP profiles, we identified new, previously unclassified group I phytoplasma strains, including the organisms that are associated with Ipomoea obscura witches'-broom [subgroup 16SrI-F(rr-rp)], maize bushy stunt [subgroup 16SrI-I(rr-rp)], and Mexican periwinkle virescence [subgroup 16SrI-J(rr-rp)], and new, previously unclassified group I11 phytoplasma strains, including the organism that is associated with pecan bunch [subgroup 16SrIII-H(rr-rp)]. On the basis of the results of our analyses of 16s rRNA and ribosomal protein conserved gene sequences, we recognized 9 group I subgroups and eight group I11 subgroups. We propose that phytoplasma strains belonging to each group I and I11 subgroup should be distinguished taxonomically at a level equivalent to the subspecies level. Phytoplasmas (26), which previously have been called mycoplasmalike organisms, are unculturable prokaryotes that are associated with diseases in a wide variety of economically important crop plants (44). In nature, phytoplasmas are carried by different homopterous insect vectors (both monophagous and oligophagous) and are transmitted to different host plants (7-10, 31, 44). Traditionally, phytoplasma-induced diseases have been named and the identities of the associated phytoplasmas have been determined on the basis of the plant hosts and the symptoms induced in the plant hosts. In general, it has been assumed that each disease is caused by a single distinct phytoplasma. These biological properties and vector specificity have been used by workers in some laboratories to identify major phytoplasma groups (10). This system is complicated and laborious and often has resulted in misleading conclusions because the phytoplasma-induced biological properties alone were not sufficient for identification. For instance, a given phytoplasma may be associated with more than one disease
Phytoplasmas (26), which previously have been called mycoplasmalike organisms, are unculturable prokaryotes that are associated with diseases in a wide variety of economically important crop plants (44) . In nature, phytoplasmas are carried by different homopterous insect vectors (both monophagous and oligophagous) and are transmitted to different host plants (7-10, 31, 44) . Traditionally, phytoplasma-induced diseases have been named and the identities of the associated phytoplasmas have been determined on the basis of the plant hosts and the symptoms induced in the plant hosts. In general, it has been assumed that each disease is caused by a single distinct phytoplasma. These biological properties and vector specificity have been used by workers in some laboratories to identify major phytoplasma groups (10). This system is complicated and laborious and often has resulted in misleading conclusions because the phytoplasma-induced biological properties alone were not sufficient for identification. For instance, a given phytoplasma may be associated with more than one disease and may induce various symptoms in different hosts. In addition, a disease may be caused by different phytoplasmas in different geographical regions.
Recently, molecule-based analyses have been used increasingly to identify and differentiate uncultured phytoplasmas. The development of molecular probes, such as mycoplasmalike organism-specific cloned DNA probes and monoclonal antibodies, has significantly improved phytoplasma identification and made it possible to classify phytoplasmas on the basis of DNA-DNA homology and serological data (4, 6, 12, 14, 16, 19, 20, 24, 30, (34) (35) (36) (37) (38) 46) . The introduction of PCR for assays in which universal primers derived from conserved 16s rRNA gene sequences are used has greatly improved the ability of researchers to accurately identify and classify a broad range of phytoplasmas (1, 13, 15-20, 23, 39-41, 47, 54, 58, 59) . On the basis of the results of restriction fragment length polyrnorphism (RFLP) analyses of PCR-amplified 16s ribosomal DNA (rDNA), 11 distinct phytoplasma 16s rRNA groups and more than 25 subgroups have been identified (23, 40) . The validity of these groups was supported by the results of a separate phylogenetic study based on cladistic analyses of 16s rRNA and ribosomal protein gene sequences (23), and the groups are consistent with the groups identified previously (e.g., genomic strain clusters) by using relative DNA sequence homology data (4, 12, 14, 16, 19, 20, 24, 30, (34) (35) (36) (37) (38) 46) . Thus, RFLP assays in which putative restriction sites of amplified 16s rDNA are indirectly analyzed by digestion with selected restriction enzymes provide a simple and rapid way to simultaneously detect and classify unknown phytoplasmas. However, RFLP analysis of 16s rDNA has not been used to place phytoplasma strains into taxonomic units (e.g., strain clusters) identified in DNA-DNA homology studies because of the highly conserved nature of the 16s rRNA gene (19, 38, 40) . It may be necessary to perform a molecular analysis of less conserved gene sequences to obtain a finer level of differentiation among the strains belonging to a given 16s rRNA group. In this study, 16s rDNA and ribosomal protein gene operon sequences were used as taxonomic tools to differentiate putative members of the two largest phytoplasma 16s rRNA groups, groups I (aster yellows and related phytoplasmas) and I11 (Xdisease and related phytoplasmas). Using the molecular profiles of the organisms, we studied the broad diversity of strains belonging to phytoplasma groups I and 111, recognized and classified new strains associated with known and unknown diseases, and suggested taxonomic ranks for phytoplasma strains belonging to the two groups.
(This research was conducted by D. E. Gundersen in partial fulfillment of the requirements for a Ph.D. from George Washington University, Washington, D.C.).
MATERIALS AND METHODS

Sources of phytoplasmas.
The phytoplasmas used in this study are listed in Table 1 . Most samples were provided in periwinkle plants; the exceptions were walnut witches'-broom strains WWB and WWB2 (provided in walnut plants), pecan bunch strain PB (provided in pecan plants), palm lethal yellowing strain LY (DNA sample obtained from a coconut), clover yellow edge strain CYE (provided in clover plants), blueberry stunt strain BBS (provided in blueberry plants), X-disease of chokecherry strains CCX, CCI, CC2, and CCW (provided in chokecherry plants [Prunus virginiuna]) , ranunculus phyllody strain RPh (provided in Raniincufus sp. plants), maize bushy stunt strain MBS (provided in corn plants), and strawberry green petal strain SGP (provided in strawberry plants). Putative members of the two phytoplasma 16s rRNA groups, groups I and 111, were determined on the basis of the results of PCR assays with group I-or group 111-specific primers designed previously (39).
Putative restriction site analysis of phytoplasma 16s rRNA sequences. Putative restriction site maps for members of groups I and 111 whose sequences were available were generated by using the DNASTAR program MapDraw option (DNASTAR, Inc., Madison, Wis.). Phytoplasma 16s rRNA gene sequences that were determined by us (23) and by workers in other laboratories (41, 56) were acquired from the GenBank database and were analyzed to identify the restriction recognition sequences for MseI, AluI, HpaII, HhaI, BurnHI, and KpnI. Putative maps were aligned manually to determine whether distinct restriction sites were present in phytoplasma strains.
Southern hybridization and RFLP analyses. The nucleic acids used for a Southern hybridization analysis were extracted from healthy or phytoplasmainfected plant tissues as described previously (36, 37). Samples (4 pg) were double digested with restriction endonucleases EcoRI (GIBCO/BRL) and Hind111 (GIBCOIBRL) in the presence of 20 pg of RNase A (Sigma Chemical Co., St. Louis, Mo.) per ml at 37°C overnight. The digested samples were electrophoresed on a 1.0% agarose gel, denatured with alkali, and transferred to a nitrocellulose membrane (pore size, 0.2 pm; Schleicher and Schuell, Keene, N.H.) by the method of Southern (57) . A "cocktail" probe containing 2 kg of biotin-labeled DNA from each of seven randomly cloned phytoplasma chromosomal DNA fragments (pAY9N, pAY12N, pBB88, pBB101, was used for RFLP analyses as described by Lee et al. (35) . These seven cloned DNA fragments were used because of their ability to differentiate subclusters within the aster yellows strain cluster, as reported previously (35). The hybridization temperature used was 48°C. Putative restriction sites in phytoplasma 16s rRNA gene sequences. Maps were generated by using the MapDraw option of the DNASTAR program (DNASTAR, Inc.) and were manually aligned to compare recognition sites for restriction endonucleases MseI, AluI, KpnI, HhaI, HpaII, and BarnHI in representatives of phytoplasma group I (A) and representatives of phytoplasma group I11 (B). ACLR, apricot chlorotic leafroll in periwinkle phytoplasma (56) ; STOL, stolbur phytoplasma (56); VK, grapevine yellows phytoplasma (56); VAC, vaccinium witches'-broom phytoplasma (56) .
Primer pairs and PCR conditions. A primer pair, R16F2/R2 (primers R16F2 and R16R2), that was previously designed by using the 16s rRNA sequence of a Michigan aster yellows phytoplasma strain (41) was used in PCR. The primer pair R16F2/R2 amplified a 16s rDNA fragment (length, about 1.2 kb) from each DNA sample prepared from phytoplasma-infected tissues, but not from DNA samples extracted from healthy tissues. For certain low-titer phytoplasma samples (e.g., strains SGP, RPh, MBS, WWB, WWB2, PB, CCX, CCl, CC2, and CCW), the 16s rRNA gene was amplified by using a universal primer pair, R16FlIRO (primers R16F1 and R16RO) (33), or primer pair R16mFURl (primers R16mFl and R16mRl) (21), followed by nested PCR with primer pair R16F2/R2. A second pair of primers (designated primers rpFl and rpRl), which was designed by Lim and Sears (43) , was used to amplify a segment of the ribosomal protein gene operon from members of phytoplasma 16s rRNA groups I and 111. The segment that was amplified included the 3' region of rpsl9 and all of rp122 and rps3 (42, 43) . To investigate genomic diversity in the members of 16s rRNA group I, additional pairs of primers (primers CN1-1OF1 and CN1-1OR1 and primers BB88F1 and BB88R1) were designed by using sequences of cloned phytoplasma chromosomal DNA fragments (pCN1-10 and pBB88) that were used in a previous study (35) . The sequences of these two cloned DNA fragments were found to be conserved in all members of the aster yellows strain cluster (3.5). Each cloned recombinant plasmid was partially sequenced from both ends by using Sequenase according to the instructions of the manufacturer (US Biochemical Corp., Cleveland, Ohio). The oligonucleotide sequences of these primers were as follows: CNl-1OF1, 5'-GGGTTAAGGCTAGAAATGGATCTTG-3';
CATCACACGCGTGATGACCGCCT'ITCCC-3'; and BB88R1,Sf-GCCTTACA For PCR, total nucleic acid samples extracted from healthy or phytoplasmainfected plant tissues as described elsewhere (35, 37) (53). The PCR were performed for 35 cycles in an automated thermocycler (Perkin-Elmer Cetus, Norwalk, Conn.). The following conditions were used: denaturation for 1 rnin (2 min for the first cycle) at 94"C, annealing for 2 rnin at 5 0 T , and primer extension for 3 rnin (10 min in the final cycle) at 72°C. Control tubes that contained nucleic acid samples from healthy plants or no DNA template were included in each experiment as negative controls. The PCR products were analyzed by electrophoresis on a 1% agarose gel followed by staining in ethidium bromide and visualization of DNA bands with a UV transilluminator. RFLP analyses of PCR products. To differentiate subgroups in phytoplasma 16s rRNA groups I and 111, phytoplasma 16s rDNA sequences amplified by PCR with primers R16F2 and R16R2 and phytoplasma ribosomal protein gene sequences amplified by PCR with primers rpFl and rpRl were analyzed by restriction endonuclease digestion. Between 2 and 5 p1 of each PCR product was digested separately with selected restriction endonucleases. The PCR products amplified from group I11 strains were purified and concentrated by the crushand-soak method (52) before digestion. Restriction endonucleases MseI, HpaII, and HhaI and restriction endonucleases MseI and HpaII (GIBCODRL) were used to analyze the 16s rDNAs of group I and 111 strains, respectively. Restriction endonucleases MseI and Ah1 and restriction endonucleases MseI, AluI, and DraI (GIBCODRL) were used to analyze the PCR-amplified phytoplasma ribosomal protein gene sequences of phytoplasma 16s rRNA group I and I11 strains, respectively. Restriction endonucleases MseI and A h 1 were used to analyze PCR-amplified CNl-10 chromosomal sequences, and restriction endonuclease MseI was used to analyze PCR-amplified BB88 chromosomal sequences from group I strains. The restriction products were separated by electrophoresis on a 5% polyacrylamide gel (12% polyacrylamide gel for MseI digests of group I and 111 ribosomal protein gene sequences) and stained with ethidium bromide, and the DNA bands were visualized with a UV transilluminator.
The RFLP patterns of the phytoplasma strains were compared and analyzed as described previously by Nei and Li (48) . Fragments smaller than 30 bp, which were thought to be contributed predominantly by the primers, were not included in the analyses. The similarity coefficient (F) for two phytoplasma strains (x and y ) was calculated by using the following equation: F = 2Nq/(N, + Ny), where N, and Ny were the total numbers of fragments in strains x and y, respectively, and Nv was the number of fragments shared by the two strains. Dendrograms were derived from a cluster analysis performed by using the Sahn clustering method (NTSYS-pc program; Exeter Publishing, Ltd., Setauket, N.Y.).
RESULTS
Putative restriction site maps of phytoplasma 16s rRNA gene sequences. Aligned putative restriction site maps for six restriction endonucleases (MseI, AZuI, HpaII, HhaI, &nI, and BarnHI) for representative members of 16s rRNA group I (Fig. 1A ) and 16s rRNA group I11 (Fig. 1B) for which 16s rDNA sequence data were available revealed characteristic restriction site patterns. These patterns in turn revealed gains or losses of key restriction sites in certain organisms. For example, the presence of a &nI site (around base pair 920) (Fig.  1A) was unique to members of group I (aster yellows and related phytoplasmas) (40, 56) , and the presence of a BamHI site (at the 3' end) (Fig. 1B) was unique to members of group I11 (X-disease and related phytoplasmas) (56) . The presence of MseI, HhaI, and HpuII sites at characteristic positions in the 16s rRNA genes differentiated subgroups of group I, while MseI and HpaII sites at characteristic positions differentiated subgroups of group 111.
Phytoplasma 16s rRNA and ribosomal protein gene operon sequence amplification by PCR. Using primer pair R16F2/R2, we amplified a specific 1.2-kb 16s rDNA product from all phytoplasma-infected samples but not from healthy plant extracts, as described previously (40) . Using primers rpFl and rpR1, we amplified a specific 1.2-kb fragment from members of phytoplasma 16s rRNA group I and from strains believed to belong to group I, but not from healthy plant extracts (data not shown). A specific 1.35-kb fragment (or a 1.3-kb fragment for strains MW1 and MW2) was amplified from members of phytoplasma 16s rRNA group I11 (data not shown).
RFLP analyses of phytoplasma 16s rDNA and ribosomal protein gene operon sequences. Within 16s rRNA groups I and I11 strains were differentiated by performing RFLP analyses of 16s rDNA sequences and ribosomal protein gene sequences. We selected restriction endonucleases that gave distinct RFLP patterns for RFLP analyses of 16s rDNA sequences on the basis of the patterns described by Lee et al. (40) . We identified six distinct 16s rDNA RFLP patterns produced by 18 phytoplasma group I strains obtained from various geographic locations and plants ( Fig. 2 and Table 2 ); five of these patterns corresponded to five 16s rRNA subgroups identified previously (40) , and there was one new subgroup ( Fig. 2A, lane  MPV) . We identified five distinct 16s rDNA RFLP patterns (designated subgroups) produced by 15 phytoplasma group 111 strains obtained from various geographic locations and plants ( Fig. 3 and Table 2 ); four of these patterns corresponded to four subgroups identified previously (19, 40) , and there was one new subgroup (Fig. 3A, lane PB) . We also identified nine distinct ribosomal protein RFLP patterns produced by members of phytoplasma group I (Fig. 4 and Table 2 ) and seven distinct ribosomal protein RFLP patterns produced by members of phytoplasma group 111 ( Fig. 5 and Table 2 ).
Amplification and RFLP analyses of phytoplasma 16s rRNA group I chromosomal sequences. Using primers CN1-10F1 and CN1-1OR1, we specifically amplified an approximately 960-bp fragment from all members of phytoplasma 16s rRNA group I except phytoplasma strain MPV (data not shown), and using primers BB88F1 and BB88R1, we specifically amplified an approximately 740-bp fragment from the same 16s rRNA group I strains (data not shown). Very weak amplification of strain RPh was obtained with both primer pairs, so this strain was not included in the RFLP analyses. Within 16s rRNA group I, strains were differentiated by performing RFLP analyses of chromosomal fragments amplified by using primers CN1-lOF1 and CN1-1OR1 and chromosomal fragments amplified by using primers BB88F1 and BB88R1 with restriction endonucleases MseI and AluI and restriction endonuclease MseI, respectively. Within 16s rRNA group I we identified six distinct CN1-10 (CN1-1OF1-CN1-1OR1) chromosomal RFLP patterns ( Fig. 6A and B) and six distinct BB88 (BBSSFl-BBSSRl) chromosomal RFLP patterns (Fig. 6C) .
Identification of phytoplasma strains as members of new subgroups of phytoplasma 16s rRNA groups I and 111. On the basis of unique RFLP patterns of 16s rRNA gene sequences, we identified several unclassified phytoplasma strains as members of new group I and I11 subgroups. Phytoplasma strains RPh and SGP were identified as members of phytoplasma 16s rRNA subgroup I-C on the basis of the RFLP profiles of their 16s rDNAs (Fig. 2) . Strains SGP and RPh were very similar to strain CPh as determined by ribosomal protein (strain SGP), CN1-10, and BB88 chromosomal gene RFLP analyses (Fig. 6 ) and hybridization analyses in which a cocktail consisting of seven cloned chromosomal aster yellows phytoplasma fragments was used as a probe (Fig. 7) , indicating that these two strains were new type I11 members of the aster yellows strain cluster. Strains MBS and I.obs were identified as members of phytoplasma 16s rRNA subgroup I-B on the basis of the RFLP profiles of their 16s rDNAs (Fig. 2) . However, both of these HpaII (B), or HhaI (C) and were separated by electrophoresis on a 5% polyacrylamide gel. Lane S1 contained a +X174 replicative-form I DNA HaeIII digest, and the fragment sizes (from top to bottom) were 1,353, 1,078, 872. 603, 310,281,271,234,194,118 , and 72 bp. Lane S2 contained a pBR322 DNA MspI digest, and the fragment sizes (from top to bottom) were 622, 527, 404, 307, 242, 238, 217, 201, 190, 180, 160, 147, 123, 110, 90, 76, 67, 34, 26, 15 , and 9 bp.
FIG. 2. RFLP analyses of 16s rDNAs amplified by PCR with primers R16F2
and R16R2 from representative phytoplasma strains belonging to 16s rRNA group 1. The DNA products were digested with restriction enzyme MseI [A), VOL. 46, 1996 GENOMIC DIVERSITY OF PHYTOPLASMA STRAINS 69 FIG. 3 . RFLP analyses of 16s rDNAs amplified by PCR with primer pair R16F2/R2 from representative phytoplasma strains belonging to group 111. The DNA products were digested with restriction enzyme MseI (A) or HpuII (B) Lanes S1 and S2 contained molecular weight markers as described in the legend to Fig. 1. strains produced unique ribosomal protein, CN1-10, and BB88 chromosomal gene profiles (Fig. 4 and 6) . The similarity of strain I.obs to type I1 strains belonging to the aster yellows phytoplasma strain cluster was revealed by the cocktail hybridization results, although the I.obs hybridization profile was different (Fig. 7, lane 1.obs) . Phytoplasma strain MPV was identified as a new subgroup 1-1 strain on the basis of its unique 16s rDNA RFLP profile. Strain MPV was quite interesting because it was a phytoplasma strain that was difficult to classify in group I because of its ambiguous molecular profile. The 16s rDNA RFLP data for strain MPV revealed that it produced FIG. 4 . RFLP analyses of ribosomal protein gene operon sequences amplified by PCR with primers rpFl and rpRl from representative phytoplasma strains belonging to group I. The DNA products were digested with restriction enzyme MseI (A) or Ah1 (B). Lanes S1 and S2 contained molecular weight markers as described in the legend to Fig. 1 . group I patterns with restriction endonucleases HpaII (Fig. 2B) and HhaI (Fig. 2C ), but not with MseI ( Fig. 2A) . In addition, strain MPV 16s rDNA had only one o n 1 restriction site (data not shown), instead of the two sites observed with the other group I phytoplasmas. The ribosomal protein RFLP profile of strain MPV was unique (Fig. 4) . We observed no PCR amplification of strain MPV when we used primers CN1-1OF1 and CN1-1OR1 or primers BB88F1 and BB88R1, which were designed by using chromosomal sequences commonly present in members of the aster yellows strain cluster, implying that strain MPV is not a member of the aster yellows strain cluster. Hybridization data obtained by using the cocktail containing cloned aster yellows phytoplasma chromosomal fragments revealed that strain MPV exhibited some homology with members of the aster yellows strain cluster, as three strain MPV DNA fragments hybridized (Fig. 7, lane MPV) . However, none of the three fragments that hybridized was identical to a frag-A ment in other aster yellows strain profiles. In addition, a specific DNA fragment was amplified by using the previously designed primers R16(I)F1 and R16(I)R1 (39), which specifically amplify only group I strain sequences (data not shown). Thus, strain MPV may represent an outer limit of group I. We will tentatively consider this organism a member of a new group 1 subgroup until further analyses, such as phylogenetic analyses with complete sequences of 16s rRNA and/or ribosomal protein genes, can be performed.
Phytoplasma strain PB was found to be a member of a new phytoplasma 16s rRNA subgroup, subgroup 111-C, on the basis of its 16s rDNA RFLP profile (Fig. 3) and its ribosomal protein gene RFLP profile (Fig. 5) . Phytoplasma strains CC1, CC2, and CCX, which were suspected to differ because of their diverse origins, were found to be identical in their 16s rRNA and ribosomal protein gene profiles to phytoplasma strain WX, which belongs to subgroup 16SrIII-A.
Cluster analysis of group I and 111 strains. Dendrograms were obtained by performing a cluster analysis of similarity coefficients (data not shown) obtained from RFLP analyses of group I strain 16s rDNA sequences (data not shown), ribosomal protein sequences (data not shown), combined 16s rDNA and ribosomal protein sequences (Fig. 8A ), CN1-10 and BB88 chromosomal sequences (data not shown), and combined 16s rDNA, ribosomal protein, CN1-10, and BB88 sequences ( Fig. 8B ) and group I11 strain 16s rDNA sequences (data not shown), ribosomal protein sequences (data not shown), and combined 16s rDNA and ribosomal protein sequences (Fig. 9) . Our cluster analyses separated the group I strains into six subgroups when 16s rDNA sequences were used, eight subgroups when ribosomal protein sequences were used, and six subgroups when CNl-10 and BB88 conserved sequences were used, and a combined analysis of 16s rRNA and ribosomal protein genes separated the group I strains into nine subgroups, as did a combined analysis of 16s rRNA, ribosomal protein, and chromosomal gene sequences. Our cluster analyses separated the group I11 strains into five subgroups when 16s rRNA sequences were used and seven subgroups when ribosomal protein conserved gene sequences were used, and a combined analysis of 16s rRNA and ribosomal protein sequences separated the group I11 strains into eight subgroups.
The levels at which genetic variation among strains belonging to 16s rRNA group I was observed were consistent when 16s rRNA gene, ribosomal protein gene operon, and randomly cloned chromosomal sequences were used in RFLP analyses. However, the use of ribosomal protein gene cluster and cloned chromosomal sequences resulted in a more refined level of strain differentiation. For example, strain MBS produced the characteristic subgroup I-B RFLP patterns when a 16s rDNA analysis was performed (Fig. 2) , but patterns that were different from the patterns produced by other members of subgroup I-B when ribosomal protein operon (Fig. 4) and CN1-10 and BB88 chromosomal sequence (Fig. 6) analyses were performed. Likewise, the phytoplasma strains belonging to 16s rRNA group I11 exhibited a finer level of strain differentiation when ribosomal protein gene operon sequence analysis results were used. For example, strain CX produced characteristic subgroup 111-A 16s rDNA RFLP patterns (Fig. 3) , but a RFLP FIG. 5 . RFLP analyses of ribosomal protein gene operon sequences amplified by PCR with primers rpFl and rpRl from representative phytoplasma strains belonging to group 111. The DNA products were digested with restriction enzyme MseI (A), AluI (B), or DruI (C). Lanes S1 and S2 contained molecular weight markers as described in the legend to Fig. 1 (Fig. 5) . The results of RFLP profile and cluster analyses indicated that for both group I strains and group I11 strains the strains differentiated when a combined analysis was performed with 16s rRNA and ribosomal protein gene sequences coincided with the strains differentiated by DNA-DNA hybridization analyses (19, 35, 38) .
DISCUSSION
Establishing a formal taxonomy for the unculturable phytoplasmas has been difficult because it has not been possible to determine the biological or phenotypic properties of these organisms, which are essential criteria for conventional species identification and differentiation. At this time, microbial species are defined by a practical standard, the level of DNA-DNA homology; the strains of a species exhibit levels of DNA relatedness of approximately 70% or more (60) . The term subspecies has been used to distinguish genetically similar organisms (organisms which exhibit levels of DNA-DNA homology of 70 to 85%) that have different phenotypic characteristics (60, 61) . Recently, rRNA genes, in particular the 16s rRNA gene, have been used as taxonomic tools to classify species in genera for several characterized, culturable, and unculturable bacteria (2, 11, 18, 49, 51) . For these organisms, the classification based on 16s rRNA gene data was generally in agreement with the classification based on biological or phenotypic criteria in conventional taxonomic systems, although the level of resolution among species was not always high. The approach in which 16s rRNA gene sequences are used as taxonomic tools has been used to classify uncultured phytoplasmas. On the basis of the results of an RFLP analysis of 16s rRNA gene sequences, phytoplasmas were classified into 11 distinct 16s rRNA groups (23, 40) , each of which corresponded to a specific strain cluster identified by DNA hybridization and each of which was phylogenetically valid (23).
Using this system, we evaluated 16s rDNA RFLP or restriction site profiles that were generated directly by restriction analyses or were constructed indirectly by computer analyses. On the basis of their similarity coefficients, phytoplasmas could be placed into distinct 16s rRNA groups or subgroups. On the basis of restriction site profile data we identified key sites that were common or unique among members of 16s rRNA group I (Fig. 1A) or 111 (Fig. 1B) . These key restriction sites reflected a unique sequence(s) or signatures that defined each group or subgroup, and the gain or loss of key sites in the highly conserved phytoplasma 16s rRNA gene could be used to identify a phytoplasma group or subgroup. The phytoplasma 165 rRNA groups and subgroups which have been identified have been shown to be consistent with strain clusters and, to a lesser extent, with strain subclusters previously identified on the basis of DNA hybridization assay data (4, 14, 19, 24, 25, 30, (35) (36) (37) (38) 46) . Hence, in order to differentiate members of a phytoplasma group at a finer level, it may be necessary to use other conserved genes for analyses.
In this study, 16s rRNA gene sequences and ribosomal protein gene operon sequences were used to investigate the diversity of phytoplasma strains in the two largest 16s rRNA FIG. 6 . RFLP analyses of chromosomal DNA fragment sequenccs amplified by PCR with primers CN1-1OFl and CN1-1OR1 (A and B) or primers BB88F1 and BB88R1 (C). The DNA products were digested with restriction enzyme MseI (A and C) or AhtI (B). Lanes S1 and S2 contained molecular weight markers as described in the legend to Fig. 1. GUNDEPSEN ET AL. 
Southern hybridization analysis of genomic DNAs prepared from healthy plant tissue and plant tissues infected with phytoplasmas. DNA samples were digested with restriction enzymes EcoRI and HindIII and were hybridized with a mixture of probes containing cloned aster yellows strain AY1 phytoplasma DNA probes (pAY9N and pAY12N) , tomato big bud strain BJ3 phytoplasma DNA probes (pBB88 and pBBlOl), and periwinkle little leaf strain CN1 phytoplasma DNA probes (pCN1-10, pCN1-25, and pCN1-43). Lane S contained a biotinylated lambda phage DNA HindIII digest, and the sizes of the fragments (from top to bottom) were 23, 9.4, 6.6, 4.4, 2.3, 2.0, and 0.6 kbp. Lane Hv contained healthy periwinkle DNA. groups, groups I and 111. Although ribosomal protein-encoding genes are conserved, they vary in size and primary sequence more than 16s rRNA genes vary. Thus ribosomal protein genes had greater potential to reveal variations among closely related strains. As expected, the RFLP profiles of phytoplasma ribosomal protein gene sequences amplified by PCR revealed a finer level of strain differentiation within each phytoplasma group than 16s rRNA analyses revealed. In general, the subgroups identified by RFLP analyses of ribosomal protein gene sequences were consistent with the subgroups identified by 16s rRNA analyses and the subclusters identified by DNA hybridization analyses. A level of sequence variation more similar to the level observed in phytoplasma chromosomes when DNA hybridization analyses were performed was observed when ribosomal protein analyses were performed. For example, group I phytoplasma strains MBS and Lobs produced 16s rRNA RFLP profiles identical to the profiles of subgroup I-B strains, but each of these strains produced a different ribosomal protein RFLP profile. Likewise, group I11 phytoplasma strains CX and WX produced identical 16s rRNA RFLP profiles, but different ribosomal protein RFLP profiles. In both cases, the level of strain differentiation obtained by ribosomal protein analyses reflected, to a great extent, the dissimilarity of the genomic DNAs found in this study (Fig. 7) 
Dendrogram obtained by performing a cluster analysis with similarity coefficients derived from RFLP analyses. In these analyses we used members of phytoplasma group I and PCR-amplified 16s rDNA and ribosomal protein gene operon sequences (A) and PCR-amplified 16s rDNA, ribosomal protein gene operon, and CN1-10 and BB88 chromosomal DNA fragment sequences or (for strains RPh and MPV) 16s rDNA and ribosomal protein sequences (B). The scale indicates similarity index values.
cluster analyses (19, 35) . Additional conserved chromosomal DNA fragments (CN1-10 and BB88) that were PCR amplified with specific primers were used for RFLP analyses of members of group I. These sequences were apparently conserved in all group I strains examined except strain MPV. The resulting differentiation among group I strains was consistent with the subgroups determined with 16s rRNA and ribosomal protein RFLPs (Fig. 8) . Thus, the results of combined analyses of 16s rRNA and ribosomal protein operon genes may adequately reflect the level of variation in the chromosomes. The same level of consistency was also observed with group I11 strains (19).
Broad diversity in phytoplasma strains belonging to groups I and I11 was revealed by our analyses. On the basis of unique profiles, we identified new group I and I11 phytoplasma strains. Several phytoplasma strains, such as those associated with walnut witches'-broom, pecan bunch, strawberry green petal, maize bushy stunt, and other diseases, whose positions previ- 
AY (1) AY (1) AY (1) AY (1) AY (11) AY (11) AY (11) AY (11) AY (11) AY (11) AY (11) AY (11) AY (
( I Strain clusters (types) were determined by a hybridization analysis in which randomly cloned phytoplasma chromosomal DNA probes were used (19, 3538) . AY, aster yellows; peach X. peach X-disease.
The 16s rRNA-ribosomal protein subgroups are putative subspecies. Data from this study. ND, not determined. Strains FE2 and CYb belong to subgroups G and H described by Vibio et al. (59) . The strain FEZ RFLP profiles are similar to the European stolbur strain STOL profiles.
ously were not clear, were identified as members of distinct or new 16s rRNA-ribosomal protein subgroups. For example, we found that in contrast to the results obtained by dot hybridization with cloned western X-disease phytoplasma DNA probes (29), the walnut witches'-broom and pecan bunch phytoplasmas were distinct organisms; strain WWB was identified as a subgroup 16SrIII-G( rr-rp) strain; and phytoplasma strain PB was identified as a member of new distinct subgroup 16SrIII-H(rr-rp). In nature, phytoplasma strains WWB and PB have never been detected in stone fruit trees, the common hosts of western X-disease phytoplasmas. Phytoplasma strain PB was more distantly related to western X-disease phytoplasma, than strain WWB was, as revealed by an analysis of the two conserved genes. Our identification of new strains belonging to two diverse and widely distributed groups, groups I and 111, implied that other strains belonging to these groups probably exist in nature.
The genetic variation in some of the phytoplasma strains described above seems to be correlated with the ecological isolation of these organisms. Certain phytoplasma strains appear to be isolated and to be exclusively associated with particular plant and insect hosts in particular geographic regions. For example, the paulownia witches'-broom phytoplasma (subgroup I-D) and the pecan bunch phytoplasma (subgroup 111-C) each exhibit specificity for a preferred plant host, which may permit clonal isolation of the phytoplasma strain in that host. Plant host associations may largely reflect insect vector feeding habits. The association of phytoplasmas with exclusive biological and ecologically isolated niches may result in evolution of ecological strains or species (ecospecies) (61) . Recognition of the ecological diversity of phytoplasma strains in nature may provide a way to investigate the epidemiology of phytoplasmainduced diseases and to prevent the potential spread of phytoplasma diseases due to international germplasm exchange. This is essential as a disease-inducing phytoplasma that is native and common in one geographic location may be exotic in another (e.g., apple proliferation phytoplasma is common in Europe but exotic in the United States). Information about genetic variability within a phytoplasma strain is also necessary for the development of disease-resistant lines. In addition, the diversity of phytoplasma-induced diseases in nature provides a tool to study the evolution of new strains.
A taxonomy for phytoplasmas in which molecularly based criteria were emphasized was discussed at the 10th International Congress of the International Organization for Mycoplasmology (27) . The use of conserved gene sequences as molecular tools in taxonomy is a valid, compatible alternative to the use of conventional biological and phenotypic properties, especially for unculturable microorganisms. Recently, the results of ribosomal protein gene analyses have been used to support a phylogenetic and phenotypic classification of cultured bacteria. The proposed taxonomic status of the Candidatus genus Liberobacter species Liberobacter asiaticum and Liberobacter africanum was based on the results of conserved gene analyses (28) according to the proposal of Murray and Schleifer (45) . These two species exhibited a level of 16s rRNA gene sequence homology of 97%, but the level of ribosomal protein operon (rplKAJL-rpoBC operon) gene sequence homology (the approximate level of shared chromosomal homology) was 70%; thus, each of these organisms was a separate species (45) . This approach is clearly applicable to and valid for unculturable phytoplasmas. Recently, designation of a phytoplasma taxonomic genus was officially proposed and adopted (23, 55) on the basis of the unique biological properties of these organisms (e.g., their exclusive ecological niches), their molecular profiles, and the phylogenetic position of the phytoplasmas as a monophyletic clade within the class Mollicutes (23, 26, 47, 56) . It has been proposed that within the putative phytoplasma genus, each phylogenetic subclade (corresponding to a 16s rRNA group) represents at least a species. Thus, phytoplasma groups I and I11 would each represent at least a separate putative species in the putative phytoplasma genus. The diversity of the strains belonging to the two 16s rRNA groups described in this paper suggests that further taxonomic differentiation within each putative species will be necessary. The level of genetic diversity of the phytoplasma 16s rRNAribosomal protein subgroups in group I or I11 may warrant designation of a subspecies for each of the phytoplasma 16s rRNA-ribosomal protein subgroups identified in this study.
